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ABSTRACT 
Bileaflet mechanical heart valves have one of the most successful valve designs for more than 30 years. These 
valves are often used for aortic valve replacement, where the geometry of the aortic root sinuses may vary due to 
valvular disease and affect valve performance. Common geometrical sinus changes may be due to valve stenosis 
and insufficiency. In the current study, the effect of these geometrical changes on the mean flow and velocity 
fluctuations downstream of the valve and aortic sinuses were investigated. The study focused on the fully-open 
leaflet position where blood velocities are close to their maximum. Simulation results were validated using 
previous experimental laser Doppler anemometry (LDA) measurements. Results showed that as the stenosis and 
insufficiency increased there were more flow separation and increased local mean velocity downstream of the 
leaflets. In addition, the detected elevated velocity fluctuations were associated with higher Reynolds shear stresses 
levels, which may increase the chances of blood damage and platelet activation and may lead to increased risk of 
blood clot formation. 
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1. INTRODUCTION 
Many heart disorders initiate within the left ventricle, as this chamber is subjected to the highest 
mechanical loads [1]. The blood flow through the left ventricle is regulated by the mitral and the aortic valves, 
which influence the inflow and the outflow conditions, respectively [2]. The aortic valve, in particular, is one 
of the most commonly affected heart valves in a diseased heart [3]. Aortic valve pathologies such as stenosis 
and insufficiency cause a variation in the geometry of aortic sinuses and affect the performance of the aortic 
valve [4]. This incidence is responsible for 44% of morbidity [5]. Analysis of flow dynamics around heart 
valves [6–9], and cardiac sounds [10–14] may help lowering mortality rates. These pathological changes in 
extreme cases are often due to aortic incompetence caused by a dilated, aortic dissection, and severe aortic 
valve stenosis [15–17]. In addition, deformation of the aortic root after valve replacement or structural 
dysfunction of the recently replaced bioprosthetic heart valve due to pure stenosis due to cusps stiffening is 
common [18]. It would be desirable to match a prosthetic heart valve type with a specific type of aortic 
geometry in order to obtain a disturbance-free velocity field with low pressure drop. 
Successful analysis of the flow through prosthetic heart valves such as bileaflet mechanical heart valves 
(BMHVs) depends on sufficient understanding of the conditions under which natural valves function . Previous 
studies showed that the geometry of the aortic root sinuses can contribute to the vortex generation and flow 
recirculation [19]. As a result, these shear stresses can cause damage to the blood cells and facilitate thrombus 
formation.  Barannyk et al. [7], analyzed the impact of the aortic root geometries on the pulsatile blood flow 
through a prosthetic valve. It was found that the different geometries did in fact create different Reynold Shear 
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stresses and recommended that the implantation of a prosthetic valve should be done in conjunction with the 
root geometry in order to limit the possible levels of stresses. 
The objective of this study is to investigate the dimensional changes of the aortic root due to aortic valve 
disease, such as valve stenosis and valve insufficiency, and to determine the influence of those changes on the 
appearance of abnormal flow patterns in the flow through aortic bileaflet mechanical heart valve. The accurate 
representation of a complex aortic root anatomy was modelled as it is essential in order to reproduce the 
internal physiological flow field correctly. The mean flow and velocity fluctuations downstream of the valve 
and aortic sinuses with the focus on the fully-open leaflet position were investigated. This information can be 
used to improve the design of mechanical heart valves in future studies and gain better understanding of the 
hemodynamics of blood flow through the prosthetic valves. 
2. MODELS AND METHODS 
In this study, a bileaflet mechanical heart valve was modelled similar to previous studies [20–22], 
which in the fully open position divides the flow into three orifices: two of them (top and bottom orifices) are 
roughly semicircular and the third (middle orifice) is approximately rectangular (Fig. 1a). An enhancement 
implemented in the current study (compared to some previous two-dimensional CFD studies [23,24] was to 
include the valve ring into the model. In addition, a realistic geometry of the aortic sinuses was created since 
this is important for appropriate flow field analysis [6,25].  
 
Fig. 1  (a) Bileaflet mechanical heart valve; (b) Cross-sectional view of aortic root sinuses 
Fig.1b shows the cross-sectional view of the asymmetric aortic sinuses geometry with inlet aortic root diameter 
of d = 0.023 m, which was extracted from angiograms [26]. In this paper, the aortic root was modeled based 
on following parameters: DO is the diameter of aortic annulus, DA is aortic diameter, DB is the maximum 
projected sinus diameter, LA is the length of the sinuses, and LB is the distance between DO and DB. These 
parameters can be computed based on the aortic annulus diameter (DO), which is the same as the size of the 
implanted mechanical heart valve. LD = 100 mm is the length of the region downstream of the heart valve. The 
corresponding parameters to the aortic valve stenosis and aortic valve insufficiency are included in the Table 
1. They are referred as dilated aortic root and constricted aortic root, respectively [26]. 
The CFD analysis was performed using a commercial CFD software package (STAR-CCM+, CD-adapco, 
Siemens, Germany) for a pulsatile flow while the inlet velocity corresponded to cardiac output of 5 L.min-1 
and heart rate of 70 bpm with a systolic phase duration of 0.3 s [8,24]. The blood flow parameters such as 
density, dynamic viscosity, and peak inlet velocity were set to 1080 kg.m-3, μ = 0.0035 Pa.s, and 1.2 ms-1, 
respectively. This corresponds to a peak inlet Reynolds number (𝑅𝑒𝑝𝑒𝑎𝑘 =
𝜌𝑈𝑝𝑒𝑎𝑘𝑑𝑖𝑛𝑙𝑒𝑡
𝜇⁄ ) of 8516 and a 
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Womersley number (𝑊𝑜 =
𝑑
2⁄ √
𝜔𝜌
𝜇⁄ ) = 26.5;  where , 𝜔 =
2𝜋
𝑇⁄ = 17.21 rad. s
−1 , is the frequency of 
pulsatile flow and T= 0.866 s is the period. The Wilcox’s standard-Reynolds k-Omega turbulence  model 
[27–30] with the inlet turbulent intensity of 5% was used to simulate the flow during a complete cardiac cycle. 
The current study focused on the fully opening period of the leaflets from 60 to 250 ms [31]. The unsteady 
simulation was performed with a time step of 0.5 ms and 25 iterations per time step to reach the numerical 
solution convergence of < ~10-4. In addition, the uncertainty and error calculations in the current simulations 
was performed based on ASME recommendations [32]. For the discretization error analysis of the maximum 
velocity in the entire field, the fine-grid convergence index (GCIfine) of 0.139% and maximum discretization 
uncertainty of approximately 7% (in the area close to the leaflets) were observed. These numerical 
uncertainties are comparable to previous studies [24]. In this study, 𝑦+ was maintained less than 1 close to all 
walls including leaflet surfaces (𝑦+= 0.46 at the peak flow). 
Table 1  Parameters for the geometrical characterization of the aortic root 
Parameters (mm) → DO DA DB LA LB 
Normal 22.3 27.7 34.6 22.3 7.6 
Severe Stenosis 22.3 33.5 38.4 23.2 12.1 
Severe Insufficiency 22.3 23.5 30.6 18.3 12.5 
The normalized velocity profile along a line located 7 mm downstream of the healthy valve (at the peak systole) 
is shown in Fig. 2 for a normal functioning valve. The validation of the velocity profiles in the current study 
was obtained by comparing the result with previous studies with similar geometries and flow conditions 
[23,33]. The root-mean-square (RMS) of the velocity differences between the current and the previous 
experimental study was 6.58% of the maximum velocity, suggesting agreement with measured values [33]. 
 
Fig. 2  Normalized velocity distribution compared to previous CFD [23] and experimental [33] studies. 
3. RESULTS AND DISCUSSION 
 Fig. 1 shows the velocity distribution through the BMHV for different aortic root geometries at the 
peak systole. Results showed a maximum velocity of ~2.5 m.s-1 for all geometries which appear at the leading 
edge of the leaflets and through the three orifices. However, severe stenosis and insufficiency changed the 
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flow pattern downstrem of the heart valve and in the aortic sinuses. For a normal sinuses (Fig. 1a), the flow is 
relatively uniform downstrem of the aortic roots. As the central orifice jet developed during the systole phase, 
the peak values of velocity fluctuations (or high turbulent intensities) remained concentrated in the wake of 
the leaflets  in the region where the jet became highly unstable and the shear layers breakdown to vortical 
structures. For the severe insufficiency roots (Fig. 1b), large vortical structures were created and trapped in the 
sinus region. The high-velocity jets through the top and bottom orifices tend to keep these vortices, and 
consequently the blood components, inside the sinuses with low velocity and pressure gradients. These may 
cause higher risk of blood clotting and thrombus formation. In addition, the wake behind the leaflets and high-
velocity flow extended far downstream of the leaflets. This can lead to higher wall shear stresses on the aortic 
sinuses. The velocity distribution downstream of the valve for the severe stenosed aortic sinuses were similar 
to the normal sinuses (Fig. 1c); however, small-size vortices along with secondary flow region were created. 
These phenoma can increase the potential for blood damage and platelet activation. 
 
Fig. 3  Velocity distribution through a bileaflet mehanical heart valve for different geometries of aortic root 
sinuses: (a) normal sinuses; (b) severe insufficiency; (c) severe stenosis 
Fig. 4 shows the instantaneous distributions of wall shear stress (WSS) on the different geometries of aortic 
sinuses at the peak systolic phase. The vortices which existed in the sinuses (Fig. 3) caused wall shear stresses 
(WSS) up to 60 Pa for the normal aortic roots (Fig. 4a). The regions with low levels of WSS demonstrate the 
desirable hemodynamic conditions of this BMHV. For the aortic insufficiency, the trapped vortices (a region 
of recirculation with high velocity fluctuations) led to high values of WSS about 110 Pa. Conversely, for severe 
stenosis, wall shear stresses on the sinus were lower and similar to normal sinuses possibly due to lower eddies 
in the sinuses. High wall shear stresses increase the potential risk of blood clotting and vascular diseases like 
aortic stenosis. 
 Several studies reported that the hemolysis (the breakage of a red blood cell membrane), can occur for 
turbulent shear stresses in the range from 400 to 5000 N.m-2 with exposure time as small as 10 ms [34,35]. In 
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addition, these high turbulent shear stresses can lead to platelets activation, which increase the risk of platelet 
aggregation and blood clots formation [36]. Clots may detach and the resulting free-floating clot can block 
arteries leading to serious consequences such as embolism and stroke [37,38]. While stresses acting on the 
fluid occur in different directions, principal stresses are the highest. Fig. 5 displays maximum turbulent shear 
(TSS) principal stresses for different geometries of aortic root sinuses at the peak systole and how a 
deformation in the aortic root geometry led to the elevated levels of the TSS. The TSS distribution through the 
BMHV for the normal and severe stenosis (Fig. 5a and Fig, 5c) showed similar pattern with the maximum 
values of ~790 and 805 N.m-2. For the severe stenosis, the TSS decreased far downstream of the valve which 
can indicate the suitability of this BMHV for this condition. On the other hand, TSS is significantly higher 
around and downstream of the heart valve for the severe insufficiency (Fig. 5b). The maximum TSS value of 
820 N.m-2 was observed for this aortic root geometry. These results shows that the implantation of this BMHV 
for the severe insufficiency of the aortic root sinuses needs enough deliberation. 
 
Fig. 4  Wall shear stress distribution on different geometries of aortic root sinuses: (a) normal sinuses; (b) 
severe insufficiency; (c) severe stenosis 
 
Fig. 5  Turbulent shear stresses (TSS) through a bileaflet mechanical heart valve for different geometries of 
aortic root sinuses: (a) normal sinuses; (b) severe insufficiency; (c) severe stenosis 
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6. CONCLUSIONS 
In this study, the influence of pathological changes in the dimensions of the aortic root sinuses on the 
appearance of abnormal flow patterns in the flow through aortic bileaflet mechanical heart valve was 
investigated. These pathological conditions investigated were valve stenosis and valve insufficiency. The 
results showed that the flow through the BMHV with normal and aortic root severe stenosis were similar in 
terms of the vortical structures and corresponding stresses on and downstream of the aortic sinuses. These 
results demonstrate the desirable hemodynamic conditions of this BMHV for these conditions (normal and 
severe stenosed aortic roots). On the other hand, the results for the valve insufficiency indicated that flow 
through the BMHV lead to trapped vortical structures in the sinus region while the turbulent intensity remains 
high downstream of the valve. Therefore, implanting a heart valve without considering the consequences such 
as adverse hemodynamic conditions in the aortic root geometry caused by valve diseases might result in 
sublethal or lethal damage to blood components as well as increased risk of platelet activation. 
REFERENCES 
[1] Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G, et al. Heart disease and stroke statistics-2010 
update: A report from the american heart association. Circulation 2010;121:e46–215. 
doi:10.1161/CIRCULATIONAHA.109.192667. 
[2] McDonald DA. Blood flow in arteries 1974. 
[3] Yoganathan AP, He Z, Casey Jones S. Fluid Mechanics of Heart Valves. Annu Rev Biomed Eng 2004;6:331–62. 
doi:10.1146/annurev.bioeng.6.040803.140111. 
[4] Nestola MGC, Faggiano E, Vergara C, Lancellotti RM, Ippolito S, Antona C, et al. Computational comparison of aortic root 
stresses in presence of stentless and stented aortic valve bio-prostheses. Comput Methods Biomech Biomed Engin 
2017;20:171–81. doi:10.1080/10255842.2016.1207171. 
[5] Iung B, Baron G, Butchart EG, Delahaye F, Gohlke-Bärwolf C, Levang OW, et al. A prospective survey of patients with 
valvular heart disease in Europe: The Euro Heart Survey on valvular heart disease. Eur Heart J 2003;24:1231–43. 
doi:10.1016/S0195-668X(03)00201-X. 
[6] De Vita F, de Tullio MD, Verzicco R. Numerical simulation of the non-Newtonian blood flow through a mechanical aortic 
valve: Non-Newtonian blood flow in the aortic root. Theor Comput Fluid Dyn 2016;30:129–38. doi:10.1007/s00162-015-
0369-2. 
[7] Barannyk O, Oshkai P. The Influence of the Aortic Root Geometry on Flow Characteristics of a Prosthetic Heart Valve. J 
Biomech Eng 2015;137:51005. doi:10.1115/1.4029747. 
[8] Khalili F, Gamage PPT, Mansy HA. Hemodynamics of a Bileaflet Mechanical Heart Valve with Different Levels of 
Dysfunction. J Appl Biotechnol Bioeng 2017;2. doi:10.15406/jabb.2017.02.00044. 
[9] Khalili F, Mansy HA. Blood Flow through a Dysfunctional Mechanical Heart Valve. 38th Annu. Int. Conf. IEEE Eng. Med. 
Biol. Soc., Orlando, USA.: 2016. 
[10] Taebi A, Mansy HA. Effect of Noise on Time-frequency Analysis of Vibrocardiographic Signals. J Bioeng Biomed Sci 
2016;6(202):2. doi:10.4172/2155-9538.1000202. 
[11] Taebi A, Mansy HA. Time-frequency Description of Vibrocardiographic Signals. 38th Annu. Int. Conf. IEEE Eng. Med. Biol. 
Soc., Orlando, FL: 2016. doi:10.13140/RG.2.2.29084.49280. 
[12] Taebi A, Mansy HA. Time-frequency Analysis of Vibrocardiographic Signals. 2015 BMES Annu. Meet., 2015. 
[13] Taebi A, Mansy HA. Time-Frequency Distribution of Seismocardiographic Signals: A Comparative Study. Bioengineering 
2017;4:32. doi:10.3390/bioengineering4020032. 
[14] Taebi A, Mansy HA. Noise Cancellation from Vibrocardiographic Signals Based on the Ensemble Empirical Mode 
Decomposition. J Biotechnol Bioeng 2017;2:24. doi:10.15406/jabb.2017.02.00024. 
[15] Bahlmann E, Nienaber CA, Cramariuc D, Gohlke-Baerwolf C, Ray S, Devereux RB, et al. Aortic root geometry in aortic 
stenosis patients (a SEAS substudy). Eur J Echocardiogr 2011;12:585–90. doi:10.1093/ejechocard/jer037. 
[16] Underwood MJ, Khoury G El, Deronck D, Glineur D, Dion R. The aortic root: structure, function, and surgical reconstruction. 
Heart 2000;83:376–80. doi:10.1136/HEART.83.4.376. 
[17] Nistri S, Basso C, Marzari C, Mormino P, Thiene G. Frequency of bicuspid aortic valve in young male conscripts by 
echocardiogram. Am J Cardiol 2005;96:718–21. doi:10.1016/j.amjcard.2005.04.051. 
[18] Schoen FJ, Levy RJ. Calcification of tissue heart valve substitutes: Progress toward understanding and prevention. Ann Thorac 
Surg 2005;79:1072–80. doi:10.1016/j.athoracsur.2004.06.033. 
[19] Oechtering TH, Frydrychowicz A, Sievers HH. Malrotated sinus vortices in straight graft valve-sparing aortic root treatment: 
A matter of concern? J Thorac Cardiovasc Surg 2017;154:794–7. doi:10.1016/j.jtcvs.2017.02.024. 
[20] Jahandardoost M, Fradet G, Mohammadi H. Hemodynamic study of the elliptic St. Jude Medical valve: A computational 
study. Proc Inst Mech Eng Part H J Eng Med 2016;230:85–96. doi:10.1177/0954411915621341. 
[21] Fatemi R, Chandran KB. An in vitro comparative study of St. Jude Medical and Edwards-Duromedics bileaflet valves using 
laser anemometry. J Biomech Eng 1989;111:298–302. 
[22] Emery RW, Krogh CC, Arom K V, Emery AM, Benyo-Albrecht K, Joyce LD, et al. The St. Jude Medical cardiac valve 
prosthesis: a 25-year experience with single valve replacement. Ann Thorac Surg 2005;79:776-82-3. 
doi:10.1016/j.athoracsur.2004.08.047. 
TFEC-2018-21666 
 
 
 
7 
 
[23] Smadi O, Fenech M, Hassan I, Kadem L. Flow through a defective mechanical heart valve: A steady flow analysis. Med Eng 
Phys 2009;31:295–305. doi:10.1016/j.medengphy.2008.07.003. 
[24] Smadi O, Hassan I, Pibarot P, Kadem L. Numerical and experimental investigations of pulsatile blood flow pattern through a 
dysfunctional mechanical heart valve. J Biomech 2010;43:1565–72. doi:10.1016/j.jbiomech.2010.01.029. 
[25] Chandran KB, Yearwood TL. Experimental study of physiological pulsatile flow in a curved tube. J Fluid Mech 1981;111:59–
85. doi:10.1017/S0022112081002292. 
[26] Reul H, Vahlbruch A, Giersiepen M, Schmitz-Rode T, Hirtz V, Effert S. The geometry of the aortic root in health, at valve 
disease and after valve replacement. J Biomech 1990;23. doi:10.1016/0021-9290(90)90351-3. 
[27] Wilcox DC. Turbulence Modeling for CFD (Second Edition). 1998. 
[28] Wilcox DC. Formulation of the k-w Turbulence Model Revisited. AIAA J 2008;46:2823–38. doi:10.2514/1.36541. 
[29] Khalili F, Majumdar P, Zeyghami M. Far-Field Noise Prediction of Wind Turbines at Different Receivers and Wind Speeds: 
A Computational Study. ASME 2015 Int. Mech. Eng. Congr. Expo., n.d. 
[30] Khalili F. Three-dimensional CFD simulation and aeroacoustics analysis of wind turbines. Northern Illinois University; 2014. 
[31] Nobili M, Morbiducci U, Ponzini R, Del Gaudio C, Balducci A, Grigioni M, et al. Numerical simulation of the dynamics of 
a bileaflet prosthetic heart valve using a fluid-structure interaction approach. J Biomech 2008;41:2539–50. 
doi:10.1016/j.jbiomech.2008.05.004. 
[32] Celik IB, Ghia U, Roache PJ, others. Procedure for estimation and reporting of uncertainty due to discretization in ${$CFD$}$ 
applications. J Fluids ${$Engineering-Transactions$}$ ${$ASME$}$ 2008;130. 
[33] Grigioni M, Daniele C, D’Avenio G, Barbaro V. The influence of the leaflets’ curvature on the flow field in two bileaflet 
prosthetic heart valves. J Biomech 2001;34:613–21. doi:10.1016/S0021-9290(00)00240-2. 
[34] Sallam  a M, Hwang NH. Human red blood cell hemolysis in a turbulent shear flow: contribution of Reynolds shear stresses. 
Biorheology 1984;21:783–97. 
[35] Yen JH, Chen SF, Chern MK, Lu PC. The effect of turbulent viscous shear stress on red blood cell hemolysis. J Artif Organs 
2014;17:178–85. doi:10.1007/s10047-014-0755-3. 
[36] Dumont K, Vierendeels J, Kaminsky R, Van Nooten G, Verdonck P, Bluestein D. Comparison of the hemodynamic and 
thrombogenic performance of two bileaflet mechanical heart valves using a CFD/FSI model. J Biomech Eng 2007;129:558–
65. 
[37] Hellmeier F, Nordmeyer S, Yevtushenko P, Bruening J, Berger F, Kuehne T, et al. Hemodynamic Evaluation of a Biological 
and Mechanical Aortic Valve Prosthesis Using Patient-Specific MRI-Based CFD. Artif Organs 2017. 
[38] Barannyk O, Oshkai P. The Influence of the Aortic Root Geometry on Flow Characteristics of a Prosthetic Heart Valve. J 
Biomech Eng 2015;137:51005. doi:10.1115/1.4029747. 
 
